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Lipid domainsCeramide is a sphingolipid present in eukaryotic cells that laterally segregates into solid domains in model
lipid membranes. Imaging has provided a wealth of structural information useful to understand some of the
physical properties of these domains. In biological membranes, ceramide is formed on one of the membrane
leaﬂets by enzymatic cleavage of sphyngomyelin. Ceramide, with a smaller head size than its parent
compound sphyngomyelin, induces an asymmetric membrane tension and segregates into highly ordered
domains that have a much high shear viscosity than that of the surrounding lipids. These physical properties,
together with the rapid transmembrane ﬂip-ﬂop of the locally produced ceramide, trigger a sequence of
membrane perturbations that could explain the molecular mechanism by which ceramide mediates different
cell responses. In this review we will try to establish a connection between the physical membrane
transformations in model systems known to occur upon ceramide formation and some physiologically
relevant process in which ceramide is known to participate.r, acetoyl-Cer; C6Cer, hexanoyl-Cer; C8Cer, octanoyl-Cer;
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Ceramides are sphingolipids which can be either synthesised de
novo in the endoplasmic reticulum or generated within the plasma
membrane from sphingomyelin (SM) by the action of sphyngomye-
linase (SMase). They are constituted by a sphingosine backbone N-
acylated with fatty acids of different chain length and degree of
saturation. They are capable of forming hydrogen bonds that promote
intermolecular lateral interactions, as was ﬁrst postulated in the early
works of Pascher [1,2]. The polar headgroup, the sphingosine
hydroxyl groups and the fatty acid chains form hydrogen bonds that
stabilise the segregated lateral domains. Furthermore, the low afﬁnity
of ceramides for cholesterol and their atypical high melting
temperature (∼90 °C) [3] confer the domains a very tight lipid
packing and an extremely solid character, typical of gel/solid phases
(Lβ). Within these domains, the lipid molecules form a crystalline
two-dimensional array and their lateral diffusion is highly inhibited.
The ﬂuid mosaic membrane model proposed by Singer and
Nicholson in 1972 [4] was widely accepted as the membrane
organization. However, in 1997 Simons and Ikonen [5] proposed the
existence of liquid-ordered (Lo phase) domains (rafts) enriched in SM
and sterols, the so called “raft hypothesis”, modifying the prevailing
picture of biological membranes as a homogeneous ﬂuid lipid bilayer
where proteins are embedded [6]. Although the functional role of
liquid-ordered domains in vivo remains controversial [7,8] there is no
question about their existence in vitro lipid systems. The presence of
the more ordered gel/solid phases in biological membranes however
has not been considered as relevant. The physicochemical properties
of ceramide indicate its solid character at physiological temperatures,
thus its biological relevance could rely on their highly ordered domain
forming capacity.
Work in model lipid bilayers provides relevant biophysical
information to understand the segregation of lipid mixtures and its
inﬂuence on the mechanical properties of the membranes. Ceramide,
was ﬁrst described as a main constituent of the stratum corneum, and
its physiological role was associated to the creation of a hydrophobic
barrier necessary to prevent water evaporation through the skin.
Since the stratum corneum is mainly composed of a mixture of
ceramide, cholesterol and fatty acids, the ﬁrst lateral segregation
studies of ceramides into crystalline ordered domains were made in
model systems including cholesterol–ceramide lipid mixtures [9].
More recently, ceramide generation has been associated to many
other relevant biological processes, for example cellular stress and
apoptosis [10–12] and has also been postulated to act as a second
messenger and as a metabolic signalling molecule. The ascription of
these physiologically relevant roles has generated a huge amount of
experimental work on their lateral segregation and interactions with
other phospholipids present in eukaryotic plasma membrane.
Ceramide-enriched solid domains in phospholipids were ﬁrst
found in a PC ﬂuid matrix [13,14]. The lack of understanding of the
mechanism behind many of its signalling functions [15,16] together
with the fact that the formed solid domains are highly ordered,
suggests that the strong impact on the plasma membrane mechanical
properties that this ordered ceramide domains have could explain the
mechanism by which ceramide exerts its signalling functions.
Different biophysical, structural and biological aspects of ceramide
and ceramide-enriched domains have been reviewed extensively in
the last years [17–19]. A very recent and thorough review by Goñi and
Alonso has addressed the effect of ceramides on membrane lateral
structure [20]. However, the physical characteristics of ceramide
domains as well as the mechanical perturbations undergone by thelipid membrane upon SMase enzymatic SM to ceramide conversion
have not been as widely discussed. In this review we ﬁrst summarize
the relevant information obtained by different imaging techniques on
the structural and mechanical properties of ceramide-enriched
domains and their formation. We then present a comparative analysis
of the physicochemical properties of SM and ceramide, emphasizing
the relevant role played by the SM to ceramide conversion in
modulatingmechanical and physical properties of model membranes.
The ﬁnal section of this review will attempt to correlate some
physiologically relevant cell processes triggered by the presence of
ceramide (protein aggregation, blebbing and lipid scrambling) with
the membrane mechanical perturbations associated to enzymatic SM
to ceramide conversion described experimentally in model lipid
membranes.
2. Beyond ceramide-domain imaging in model membranes
There are two alternative ways of enriching the ceramide content
of a lipid bilayer: incorporating increasing amounts of ceramide in the
lipid mixture used to prepare the bilayers, or increasing the content
locally by the enzymatic transformation of SM into ceramide induced
by the catalytic activity of sphingomyelinases. In the ﬁrst case the
model systems formed reach equilibrium whereas in the second case
the local perturbations induced by the sudden interconversion of the
phospholipid to ceramide is a non equilibrium process that can trigger
different dynamic effects. In this section we will ﬁrst recall the main
observations obtained by microscopy techniques concerning physi-
cochemical properties of ceramides (the lateral phase separation,
protein sorting, ﬂip-ﬂop, and mechanical properties) (Section 2.1) to
follow with a description of some of the membrane alterations
(domain clustering and mechanical stress) induced when ceramide
concentration is increased locally through SMase enzymatic activity
(Section 2.2).
2.1. Ceramide-containing membranes
2.1.1. Lateral phase behavior
In general, long chain-ceramides segregate into lateral domains
when mixed with phosphatidylcholines (DMPC and POPC) in a wide
range of temperatures and ceramide molar ratios [14,21,22]. For
example, only ∼5 mol% of C16Cer is needed to form gel domains in
POPC bilayers. In contrast, a very recent systematic study carried out
on Langmuir monolayers by Kartunnen et al. [23] has shown that
shorter ceramides (from C2Cer, C6Cer and C8Cer) are miscible in
DMPC at 1:2 Cer:DMPC molar ratio at all surface pressures. For the
same molar ratio, the morphology of the domains was found to
depend on the acyl chain length. For C10Cer, C12Cer and C14 Cer,
domains have a ﬂower-like shape. And for longer ceramides (from
C16Cer to C24:1) domains present however a circular shape. A
very similar behavior was found in BCer/POPC mixtures in GUVs,
as revealed by confocal ﬂuorescent microscopy [24]. The presence of
5 to 23 mol% of ceramide is sufﬁcient to segregate into solid ribbon-
like domains. In that work, AFM images of POPC:C16Cer (5:1 molar
ratio) supported bilayers conﬁrmed the coexistence of solid ﬂower-
like domains in a ﬂuid continuous phase. Similar ﬂower-like
domains were seen by ﬂuorescent microscopy in EPC:ECer GUVs
(at 90:10 and 80:20 molar ratio) within the temperature range 5–
30 °C [25]. From these results it can be deduced that ceramides, at
physiologically relevant molar concentrations, form solid domains in
a ﬂuid matrix.
Fig. 1. Supported bilayer (EPC:EPE:BSM:Chol 1:1:1:1 mol%) incubated with B. cereus sphingomyelinase. The ceramide generation by SM enzymatic degradation leads to a surface
tension mismatch between both membrane leaﬂets which promote the apparition of nanoscale membrane defects (signalled with white arrows in ﬁgure b). The new formed
ceramide is segregated in higher domains (see the AFM proﬁles in ﬁgure d) enriched in ceramide molecules (signalled with white arrows in ﬁgure c). The dashed square in (c)
delimits the same zone scanned in a) and b). Taken from [44].
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layers made of ceramide and cholesterol mixtures [26–28]. In this
case, both C16cer and C24cer segregated into rectangular, sticklike
domains for molar ratios of 1:1 and 1:2 (Cer:chol respectively). The
domain size depends on the ceramide chain length and the
cholesterol molar ratio [28]. Edge-shaped domains suggest the
presence of two-dimensional crystals as shown before in Ref. [27].
At higher cholesterol ratio, C16Cer mixed well with cholesterol, and
domains were not visible.
To our knowledge only one paper has reported images of phase
coexistence in SM-ceramide mixtures by confocal imaging [29]. In
that work, Sot et al. found that ceramide-rich domains segregated
from the gel SM matrix for ceramide molar ration ranging from 5 to
30 mol%. This observation represents a direct proof of the different
nature of SM and ceramide domains. The partitioning of the
ﬂuorescent probe used in that study in less ordered phases indicates
the more ordered character of ceramide domains compared to those
formed by SM. Further, the shape of ceramide domains changed from
circular to ribbon-like domains at increasing ceramide concentrations.
A very interesting result reported by the group of Prieto was found
on ternary mixtures made of POPC, cholesterol and ceramide. For a
low cholesterol content (up to 20 mol%, for a 5:1 POPC:Cer molarratio), ceramides form solid domains within a more ﬂuid Lo phase
[24]. Increasing the cholesterol molar concentration the ceramide
solid domains disappeared and a single phase was observed through
confocal ﬂuorescence microscopy in GUVs [30]. The cholesterol-
driven ceramide solubilisation by a high molar concentration of
cholesterol was also observed in the 5–37 °C temperature range [25].
The effects of ceramide in the canonical lipid mixture for raft
formation (DOPC: C18SM:chol 1:1:1 molar ratio) were studied by
AFM imaging in supported bilayers. It was found that the substitution
of C18SM by C18Cer keeping the molar ratio 1:1:1 (DOPC:Chol:
C18SM) produced lipid bilayers in which three different phases could
be distinguished above 8 mol% of ceramide incorporation [31]. The
thinner region were assigned to the DOPC-rich phase (ﬂuid phase),
the ∼0.8 nm thick domains (with circular shape) over the ﬂuid phase
corresponded to a SM-rich phase (Lo phase/rafts), and the new
highest domains (circular shape) were attributed to ceramide-rich
domains. These domains were located within the SM-rich domains. In
that work, Chiantia et al. also found that the diffusion coefﬁcient
associated to the ﬂuid phase decreased at higher ceramide contents,
which is compatible with a cholesterol enrichment of this ﬂuid phase.
This excess of cholesterol could come from the SM-rich domains as it
is displaced by the newly formed ceramide [32]. It has been suggested
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strong interaction with SM in PC:SM:Chol mixtures. The same group
has performed a similar study with ceramides having different acyl
chain length [33]. They found that only long ceramides (C16Cer and
C18Cer) were segregated from Lo domains to form ceramide-rich
domains. Conversely, C2Cer, C6Cer and C12Cerwere not excluded into
solid domains. An original approach, combining AFM imaging with
time-of-ﬂight secondary ionmass spectroscopy (ToF-SIMS), enabled a
well deﬁned localisation of SM and ceramide in the ordered domains
observed for DOPC:ESM:Chol (2:2:1 molar ratio) Langmuir–Blodgett
monolayers transferred at different surface pressures [34]. They found
that SM is uniformly located within the domains and ceramides are
heterogeneously distributed in small clusters within the surrounding
domain. The three phase coexistence (Ld, Lo and Lβ) was also
visualised by ﬂuorescence microscopy in giant vesicles as dark
ﬂower-like and circular domains simultaneously coexisting in the
bright ﬂuid phase [25].
All these results indicate that both morphology and biophysical
properties of ceramide-rich domains are dependent on the initial lipid
composition, speciﬁcally on the cholesterol content. Particularly it has
revealed that ceramide forms solid domains at physiological tem-
peratures and at very low molar concentrations.
2.1.2. Visualising protein sorting in ceramide-rich domains
The role of ceramide in protein distribution in lipid bilayers has
been also studied by AFM imaging combined with FCS and confocal
microscopy. Chiantia et al. showed both the partial immobilisation of
placental alkaline phosphatise protein (GPI-PLAP) by ceramide solid
domains and the partitioning of the glanglioside GM1-cholera toxin
(CTx-B) complex (used as a typical marker for raft domains in cell and
model membranes) into ceramide-rich domains [35]. These experi-
ments signal that the physicochemical properties of ceramide
domains could favour protein aggregation. Notice that the same
group has shown [36] that CTx-B induces a relatively fast redistribu-
tion of GM1 from disordered to more ordered domains. Although
further caution must be taken when labelling ordered domains with
the GM1-CTx-B complex, it should be very interesting to extend this
type of studies to proteins involved in cell processes (cell stress or
signalling) which are relevant for determining the functional role of
ceramides, as receptor proteins like CD95 or CD40. In fact, ceramide
domains have been suggested to aggregate protein signal receptors in
order to amplify the primary signal (see Section 4.1).
2.1.3. Measuring ﬂip-ﬂop rates and detergent resistance through optical
imaging
We have measured the spontaneous transbilayer movement of
unlabelled ceramides with different acyl (C6, C10 and C16) chain
length in ﬂuid EPC GUVs by optical microscopy. By observing the
reversibility of a budding transition produced by the external
incorporation of a very small amount of ceramides into the outer
leaﬂet, a half-time for unlabeled ceramide ﬂip-ﬂop was found to be on
the order of 1 minute at 37 °C [37]. In addition, ceramides have an
unusual rapid spontaneous transbilayer movement (ﬂip-ﬂop) in Ld as
well as in Lo phases [37,38], where they are thought to be generated in
vivo. This capacity to rapidly go through the bilayer implies that the
new asymmetrically formed ceramides (in vivo as well as in model
membranes) can be equilibrated into both monolayers to form
symmetric domains.
Ceramide also promotes a mechanical stabilisation against
detergent solubilisation below the melting temperature of lipid
mixtures. As little as 5 mol% of ECer confers detergent resistance to
lipid vesicles made of ESM or DPPC. Confocal ﬂuorescence microscopy
images show the prevention of membrane solubilisation of ceramide-
rich domains in ESM GUVs even at very large excess of detergent
conditions and long equilibration times [29].2.1.4. Mechanical properties of ceramide-enriched domains
The above detailed physicochemical characterization of ceramide
domains has revealed that at physiological temperatures they are
most likely segregated as solid phases This suggests that these
ceramide domains can have a strong impact on the mechanical
properties of membranes. AFM has provided direct experimental
information of the effect of ceramide on the mechanical properties of
bilayers. First, an AFM and ﬂuorescence combined study has shown
that the ceramide-rich domains are much more viscous than Lo
domains are. Solid domains in DOPC/Chol/SM/Cer (1:1:0.52:0.48
(16 mol% Cer)) bilayers were deformed by scanning the sample with
the tip at high force and speed. In contrast to Lo domains in the
absence of ceramide (DOPC:Chol:SM, 1:1:1), the initial shape of solid
domains was not recovered at the AFM timescale [31]. Very recently,
Sullan et al. [39] have shown by AFM-force maps that ceramide
(10 mol%) increased the breakthrough force and the Young's modulus
in both liquid-disordered and liquid-ordered domains in DOPC:ESM:
Chol bilayers. Furthermore, the ceramide-rich domains observed in
the bilayer presented a very high breakthrough force (>12 nN) and a
higher packing density than the DPPC gel phase. Thus, ceramide is
believed to promote a high structural rigidity, mechanical stability
and compactness on lipid bilayers. Further mechanical experiments
on ceramide pure systems may provide useful information in order to
characterize the mechanical impact of ceramide in lipid membranes.
2.2. Ceramide enzymatic conversion in SM-containing membranes
2.2.1. Lateral phase behavior
Aﬁrst examcomparing ceramide domainmorphology produced by
enzymatic conversion of C16SM with that produced by premixing
ceramide with the phospholipid mixture was carried out by epiﬂuor-
escence microscopy on Langmuir monolayers [40,41]. It was found
that the premixed interface generally contains signiﬁcantly larger but
fewer domains and percolation occurred at lower content of ceramide.
A more detailed image analysis revealed that the SM to ceramide
formation was mediated by a spontaneous nucleation of circular
domains that grow in time. This circular shape was transformed into
ﬂower-like domains which ﬁnally formed a hexagonal lattice.
The SM to ceramide conversion in SOPC:SM:BodipySM (0.75:0.20:
0.05 molar ratio) giant vesicles lead the ﬂuorescent probe (homoge-
nously distributedwithin themembrane before SMase) to segregate into
visible (ﬂuorescent) solid domainsmade of ceramide [42]. Giant vesicles
with Ld+Lo phase coexistence have been also treated asymmetrically
with SMase [25,43,44] (Fig. 1). The SM to ceramide conversion in those
systemsﬁrst induced the coalescenceof Lodomains. After that, theborder
region between Lo and Ld phases started to undulate and ﬁnally, the
ﬂuorescent probewas extended to thewhole vesicle. Further exposure to
SMase provoked membrane invaginations and rupture of the vesicle. If
vesicles donot collapse (as in the caseof electrode-attachedvesicles [25])
ceramide ribbon-like domains could be seen.
Supported bilayers with a lipid composition originating to Ld+Lo
phase coexistence (DOPC: SM:chol 1:1:1 molar ratio), were also
incubated with S. aureus SMase and studied by AFM imaging [31]. A
dynamical transformation was observed. It is important to note that
the time evolution as well as the domain morphology was very
different from the one observed in experiments in which the
equivalent amount of ceramide was directly incorporated to the
initial lipid composition [31]. The continuous SM transformation
triggered the formation of a third thicker phase rich in ceramide
surrounding the Lo domains, indicating that the enzyme acted directly
on liquid-ordered domains rich in SM. In addition, destabilisation and
formation of holes are observed. A similar experiment carried out on
DOPC:ESM:Chol (2:2:1molar ratio) bilayers [45] showed amembrane
reorganization which lead to the visualisation of three different
topographies: a) larger areas of the ﬂuid phasewith occasional defects
b) areas that have ceramide-rich domains either around or within Lo
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surrounded by an intermediate phase. Both B. cereus and S. aureus
SMase promoted the same changes in membrane structure. SMase
was suggested to act at the interface between Lo and Ld domains. Ira
and L. Johnston concluded that protein is not conﬁned on the domain
boundaries. A more recent result [46] localized a ﬂuorescently
labelled enzyme Alexa-SMase in the liquid expanded SM-enriched
phase in SM:Cer (9:1 molar ratio) using epiﬂuorescence microscopy.
It seems reasonable to expect SMase to act on zones enriched in SM,
the enzymatic substrate. In similar studies, the group of Maggio
reported that the SMase activity drives the system out of equilibrium
by producing over-saturation of ceramide in the expanded phase with
subsequent ceramide segregation. This effect was shown to be
enzymatic rate dependent. Moreover, the ceramide production rate
was also a determinant in the evolution andmorphology of ceramide-
enriched domains [47]. On the contrary, biochemical studies have
shown that the addition of cholesterol to SM monolayer or bilayers
enhances the enzymatic activity by ﬂuidizing the SM gel phase to a
more disordered Lo phase [48,49]. In fact, it has been shown by
spectroscopic techniques that the enzyme activity is strongly
dependent on membrane physical properties but not on substrate
content, and is higher in raft-likemixtures [50]. To summarize, it must
be emphasized that ceramide production within model membranes
involves some kinetic and dynamic aspects which are absent when
domains are formed by premixing ceramides with the lipid compo-
sition: a) different domain morphology b) membrane integrity
alteration and c) enzymatic activity regulation by the physical state
of the membrane (surface tension or lipid phase).
2.2.2. Domain clustering
Supported bilayers composed of DOPC:ESM:Chol (5:5:1 molar
ratio) are imaged by AFM as heterogeneous membranes with many
small nanodomains randomly distributed in the ﬂuid phase that are
irregular in shape with the corresponding large interfacial area. This
domain morphology is compatible with SM-rich gel domains within
the ﬂuid DOPC-rich phase; in agreement with previously PC:SM:Chol
phase diagrams [51,52]. The SMase (either B. cereus or S. aureus
SMase) incubation promoted the clustering of existing condensed
domains into large patches [53]. However, spectroscopic studies on
POPC:C16SM:Chol at different molar ratios, all of them included
within the Ld+Lo coexistence region of the phase diagram, did not
detect the coalescence of ceramide-rich domains after SM to ceramide
conversion by SMase treatment [50,54]. These data suggest that the
SMase activity and Cer-induced changes in lipid bilayers are mainly
dependent on the domain lipid composition and physical properties.
2.2.3. Mechanical stress: vesicle aggregation, budding, rupture,
membrane defects and content efﬂux
As described above, SM to ceramide conversion perturbs the
mechanical integrity of membranes to different extents: inducingTable 1
Comparative table showing the very different physicochemical (thermotropic and mechani
and mechanical modiﬁcations in lipid membranes which could be important in biological ce
and produced exclusively when SM is asymmetrically converted into ceramide is the mem
scrambling to membrane rupture.
Molecular property SM
Interbilayer movement –
Melting temperature 39 °C [49]
Flip-ﬂop Hours [38]
Compressibility modulus ( for palmitoyl at 30 mN/m) 200 mN/m [63]
Breakthrough force 3.2 nN (in Lo phase
Shear modulus 0 mN/m [65]
Curvature 0
Hexagonal transition promotion No
Mean molecular area (for palmitoyl at 30 mN/m) 47 Å2 [63]
SM to ceramide conversiovesicle aggregation and shape changes as budding or invaginations, or
producing major perturbations associated to the formation of
membrane defects that increase the membrane permeability and
eventually produce membrane rupture.
Direct experimental evidence of membrane perturbations caused
by SMase activity on lipid vesicles was ﬁrst reported in large
unilamelar vesicles made of ESM:EPE:Chol (2:1:1 molar ratio) [55].
Electron micrographs showed that large unilamellar vesicles with a
well deﬁned diameter (nanometer sized) fused into large membra-
nous bags (micrometre sized) after SMase treatment. These observa-
tions conﬁrmed the previously described vesicle aggregation
observed with biochemical assays reported by the same group [56].
Holopainen et al. carried out a very original experimental approach
that showed vectorial budding in SOPC:SM (3:1 molar ratio) giant
vesicles produced by the SMase action [42]. Asymmetrical addition of
SMase by a micropipette in the vicinity of vesicles produced
invaginations or budding if SMase was externally or internally
added respectively. Invaginations were also observed in EPC GUVs
containing as low as 2 mol% of BSM when treated with SMase [44].
GUVs with Ld and Lo phase coexistence (DOPC:C16SM:Chol, 1:1:1
molar ratio) were also treated with external SMase in similar
experiments [43]. Taniguchi et al. reported that some vesicles
collapsed after several minutes of incubation with SMase and some
of them decreased in size. Although the SM content in GUVs was
similar in [42] and [43], Holopainen et al. did not report vesicle
rupture. In fact, their giant vesicles were attached to the platinum
electrode and therefore, the lipidmixture spread on thewire provided
new lipid surface which was transferred to the vesicle, not only
preventing membrane collapse but also allowing an increasing in
vesicle size. Membrane holes or defects (a previous stage for rupture)
were directly visualised by AFM on supported bilayers DOPC:C18SM:
Chol (1:1:1molar ratio) [31], DOPC:ESM:Chol (2:2:1molar ratio) [45],
EPC:EPE:BSM:Chol (1:1:1:1 molar ratio) [44] and DOPC:ESM:Chol
(5:5:1 molar ratio) [53] incubated with SMase. Finally, the action of
SMase on lipid vesicles leads also to content release as a consequence
of membrane destabilisation. This effect was initially detected with
biochemical methods [57] andmore recently ﬂuorescencemicroscopy
directly showed the efﬂux, through transiently formed membrane
pores, of large vesicles enclosed within a giant one [44].
3. Ceramide and SMase enzymatic activity: a perfect marriage
All the effects produced by the replacement of SM by ceramide on
membrane properties described in the above section could have their
origin on the different physicochemical properties of ceramides and
their parent compound, SM (Table 1). Ceramides are lipids extremely
insoluble in water (C6-Cer precipitates at ∼100 μM in water [58]) and
their intermembrane exchange time is therefore very high [59]. For
this reason, the potential action of ceramides must be restricted to the
membrane interior. Although ceramide is synthesised de novo in thecal) properties of SM and ceramide. The unique ceramide features promotes structural
ll membranes (last column). In addition, a very striking effect observed in lipid bilayers
brane mechanical stress, responsible of many destabilising effects which go from lipid
Ceramide Biological relevance
Hours [59] Membrane localization
∼90 °C [3] Lateral segregation
Seconds [37,38] Symmetric domain formation
600 mN/m [42] Rigid domains
s) [39] >12 nN [39] Structural stability
90 mN/m [65] Protein capping
Negative Budding promotion
Yes [70] Defects promotion
40 Å2 [42] Tightly packing
n→mechanical stress
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myelin degradation represents a large local perturbation of the
membrane where it is generated (i.e. plasma membrane).
Much emphasis has been made characterizing the behavior of
ceramides inside the membrane on the short range scale and their
ability to form in-plane lateral domains and their modulation by the
presence of other lipids. As we have already mentioned, ceramides
have also very distinctive mechanical properties compared to other
common sphingolipids and phospholipids. In this context, by
mechanical behavior we refer to the stress response of the mem-
brane against compression and shear deformations. The compres-
sion response is mainly driven by bilayer compactness, i.e. a high
compression modulus describes the ability of lipids to densely pack
in such a way that molecular hard cores resist against further
compression. The shear response, however, arises from bond
tightness between neighbor molecules, i.e. the shear modulus
measures the resistance of a solid arrangement of molecules to be
distorted against a lateral shear deformation not changing the area
per molecule but affecting the relative orientation between them.
Consequently, ﬂuid membranes are characterized by more or less
high values of the compression modulus (depending of their relative
condensation) but necessarily by a zero shear modulus, which
deﬁnes a system able to ﬂow under an applied force. On the other
side, solid membranes exhibit structural rigidity characterized by a
ﬁnite shear modulus, independent of compression elasticity, which
will be higher or lower depending on the compactness of the solid
lipid arrangement.
3.1. Compression elasticity
The resistance to compression, parameterized by the compress-
ibility modulus, is higher for ceramides than for SM or SM:Chol
mixtures (Lo phases) or othermore ﬂuid lipids as POPC, or prokaryotic
lipid extracts. Very high values of the compressionmodulus have been
reported for bovine brain ceramide (300 mN/m) [60–62] and
(400 mN/m) and (600 mN/m) for C24:1Cer and C16Cer respectively
[21]. For the sake of comparison, we recall that ﬂuid phases exhibit
much smaller moduli; for instance, compressibility values of ca.
80 mN/m for POPC, 100 mN/m for E. coli polar lipid extract, 200 mN/
m for C16SM; in contrast with more ordered phases containing
cholesterol (900 mN/m for C16SM:Chol 1:1 molar ratio) [63,64]. A
similar behavior is found for breakthrough forces (see Section 2.1.4).
The presence of ceramide in DOPC:ESM:Chol bilayers increased the
breakthrough forces from 1.4 to 4.1 nN in the Ld phase and from 3.2 to
5.0 nN in the Lo. A lower limit of 8–12 nN for the ceramide-rich phase
was estimated [39].
3.2. Shear viscoelasticity
Unpublished results on the shear rheology of SM and ceramide
identify interesting differences on their mechanical behavior which
could have important biological implications [65]. Whilst pure SM
(in the gel phase) and SM:Chol (in Lo phase) behave as viscoelastic
ﬂuids with vanishing shear rigidity, ceramide possesses a hard solid
behavior characterized by a shear modulus of 90 mN/m and an
extremely high shear viscosity [65]. The group of Maggio has recently
shown how ceramide-rich domains can diffuse within a SM:Cer (9:1
molar ratio) monolayer characterized by a very low microviscosity
(η∼10−7 N·s/m at 30 mN/m) [66]. Here we highlight the very
different viscosity within the ceramide-rich domains which is 102
bigger than in a SM monolayer [65]. Consequently, protein diffusion
within a ceramide-rich domain would be extremely slowed-down.
We can anticipate that ceramide-rich domains could therefore
constitute platforms to immobilise proteins due to their particular
intrinsic rigidity.3.3. Curvature
Curvature is another physicochemical property which is very
different in both SM and ceramide molecules. Ceramides, due to their
small headgroup, have a negative curvature, whereas SM is classiﬁed
among the planar bilayer promoting lipids [67]. The newly formed
ceramide molecules generated by enzymatic activity should promote
initially a highly negative curvature in the membrane. In fact, the
rapid equilibration of ceramide within both monolayers by ﬂip-ﬂop
would lead to a zero curvature, as long as the rate of ceramide
formation is slower than the spontaneous ﬂip-ﬂop. In addition,
ceramides with very asymmetrical hydrocarbon chains, as C24:1Cer,
can cause hydrocarbon chain interdigitation which may compensate
curvature stress [68,69].
3.4. Lamellar to hexagonal phase transition and lipid scrambling
promotion
In contrast to SM, ceramide has been shown to promote lamellar to
hexagonal phase transition [56,70]. Veiga et al. found that in lipid
vesicles made of PC:PE:Chol (2:2:1 molar ratio) and SM:PE:Chol
(2:2:1 molar ratio), the PE lamellar to hexagonal transition temper-
ature was shifted from 80–90 °C to 60–70 °C respectively by the
presence of 10 mol% of ECer [56]. In pure DPPE or DOPE-Me [64]
vesicles, the PE transition temperature was decreased from 65–63 °C
to 51–53 °C respectively by the presence of 15–20 mol% of ECer.
Finally, a striking effect on membrane perturbation was found either
when liposomes were asymmetrically treated by SMase or when a
large amount of ceramides (up to 10 mol%)was asymmetrically added
to preformed large unilamellar vesicles: i.e., the promotion of
transbilayer movement of other lipids, the so called lipid scrambling
[71,72]. A similar explanation (lipid scrambling) was given to the
observation that externally added SMase to SM-containing liposomes
converted into ceramide more than the expected 50 mol% of the total
SM available in the outer leaﬂet [50].
3.5. Surface tension
Negative curvature and hexagonal phase promotion have been
invoked in several works to explain the membrane destabilisation (in
particular, lipid scrambling) when lipid bilayers were incubated with
SMase. This interpretation is however unlikely since a) the temper-
ature range in most of experiments is much lower than the range of
temperatures where non-lamellar formation takes place and b) the
negative spontaneous curvature promoted by the new formed
ceramide is compensated by the fact that ceramides equilibrate into
both monolayers by rapid ﬂip-ﬂop or chain interdigitation
[37,38,68,69]. In addition, as pointed out by Goñi et al., “no lipid ﬂip-
ﬂop is observed in case ceramides are incorporated in the initial
liposome lipid mixture” [72]. Alternatively, a driving force of very
different nature can be invoked to explain the observed lipid
translocation: the difference in surface tension (lateral pressure)
between the two leaﬂets produced by the asymmetrical ceramide to
SM conversion [44,50,72]. The surface tension increase promoted by
SM to ceramide conversion is directly measured by Langmuir balance
in experiments carried out on lipid monolayers. In order to maintain
the surface pressure constant during SMase activity [40,41], the
available surface area was reduced according to the observed
monolayer surface pressure decrease. It is therefore important to
keep inmind the fact that the enzymatic activity of SMase signiﬁcantly
modiﬁes the mechanical properties of model lipid membranes. An
additional and interesting point is that these localized perturbations
produced enzymatically in the membranes can propagate instanta-
neously over distances larger than the molecular dimension. The local
mechanical stress induced by the conversion of SM to ceramide is
directly related to the difference in themeanmolecular area of the SM
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molecular area occupied by this lipid differs from that of SM by
approximately 15% (measured in monolayers at 30 mN/m) [21,63].
The condensing effect of new ceramides on the molecular packing of
one leaﬂet (relative to the initial situation) generates a lateral pressure
asymmetry which can be relaxed through one of several mechanisms:
by membrane bending or by creating membrane defects through
which lipid scrambling occurs [73,74]. In case of high tension
asymmetry, instabilities cannot be smoothly relaxed and the lipid
bilayer collapses.
All the arguments presented above illustrate the fact that
considering only the peculiar and unique physicochemical properties
of ceramides might not be enough to understand their biological
function.When localized SMase activity produces ceramide directly in
the membrane, additional mechanical perturbations come into play
that could explain the important and diverse physiological role
attributed to ceramides in cells.
4. Effects of ceramide generation on cells: a biophysical viewpoint
In this section we will try to correlate the effects of local SMase
activity and ceramide generation on membrane mechanical proper-
ties described in model membranes with three main membrane-
associated events observed in plasma biomembranes after SMase
stimulation: a) domain clustering and protein aggregation, b)
vesiculation (or blebbing) and c) lipid scrambling. When extrapolat-
ing experimental observations on model membranes to real situa-
tions, one must keep in mind all oversimpliﬁcations that model
systems represent [75]. First, eukaryotic cell membranes are consti-
tuted by thousands of different lipids (with varying chain length and
saturation). In addition, cells are not in equilibrium and the eukaryotic
plasma membrane is also composed of membrane proteins and
associated to the cytoskeleton. Moreover, lipids are asymmetrically
distributed within the plasma membrane. Brieﬂy, PS and PE are
mainly located in the inner leaﬂet, whereas most of SM and PC are
found in the outer monolayer [76]. Cholesterol, although presenting a
fast transbilayer motion [77], could be enriched in the non-cytosolic
leaﬂet of plasma membranes due to its high afﬁnity for sphingolipids.
Conversely, lipid mixtures in model membranes are constructed
symmetrically and composed commonly of 1 to 4 well chemically
deﬁned lipid species. Consequently, the phase behavior and the
mechanical properties of real membranes can be very different from
those found in ideal systems. We will however dare to analyze some
experimentally observed biological processes within the framework
of the evidence reported in model systems reviewed above: the
unique mechanical properties of ceramides and the mechanical stress
induced by SM to ceramide conversion.
4.1. Clustering and capping
In vivo, it is believed that ceramide concentrates signal receptor
proteins within ceramide-enriched domains. Experimental evidence
shows that ﬂuorescent antibodies against acid SMase (FITC-coupled
anti-Smase) and ceramide (Cy3-labelled anti-ceramide) colocalize
in cell plasma membranes, visualised as large ﬂuorescent regions,
after cell activation by numerous stimulation mechanisms of signal
receptors (CD95, CD40, infection or γ-irradiation among others)
[78–80]. Moreover, it is worth noting that the formation of
ﬂuorescent ceramide regions is completely restored by external
addition of natural C16-Cer in deﬁcient SMase cells [80]. The new
model for transmembrane signalling (readers are referred to four
recent extensive reviews and references therein [18,81–83])
suggests that SMase is activated after stimulation of single signalling
receptors. The newly synthesised ceramide would form solid
domains which coalescence into large platforms (clustering),
which should be symmetric due to the rapid ﬂip-ﬂop of ceramidesin both ﬂuid and lo phases [37,38]. The ceramide-rich platforms may
serve to aggregate the stimulated receptors (capping), therefore
acting as signal ampliﬁers. In this sense, ceramides do not directly
participate in transmembrane signalling but in amplifying the
primary signal by aggregating the signalling receptors. Such an
interesting scenario is only possible if the physical properties of
ceramides are adequate for, ﬁrst, enabling the coalescence of small
ceramide domains and second, for having the capacity of seques-
tering signal receptor proteins.
In model systems, domain clustering and protein aggregation have
also been described. First, the results reported by the group of
Johnston revealed that the action of SMase on supported bilayers
made of DOPC:SM:Chol induced the generation of heterogeneous
regions composed by larger ceramide-rich domains [53]. Although,
the mechanism by which small ceramide domains fuse to form large
platforms remains unclear, it seems that it could be related to the
mechanical stress generated by the SM to ceramide conversion. In
fact, if the same proportion of ceramide is previously mixed to the
lipid composition, ceramide domains do not fuse to form larger
patches. Second, several membrane proteins have been seen to
partition into ceramide domains [35]. Although, none of the studied
proteins is involved in signalling processes, these results are of great
interest because they represent the ﬁrst demonstration of protein
partition and immobilisation into ceramide-rich domains.
The described aggregation of membrane proteins into ceramide
domains could also be a consequence (or associated) to the peculiar
ceramide domains shear viscoelasticity. As we have already men-
tioned, ceramide bilayers present much higher shear elasticity
compared to the one found in membranes of different compositions.
Its shear modulus has been estimated to be on the order of 105 larger
than other biologically relevant lipid mixtures (even the typical raft-
forming combination). Therefore, ceramide domains could be partic-
ularly efﬁcient in concentrating the signal receptors due to their
exceptional shear viscoelastic properties [65]. Fluidity is one of the
main biological membranes attributes relevant for maintaining the
proper distribution and diffusion of membrane-embedded proteins.
In fact, in ﬂuid membranes (Ld as well as Lo phase is characterized by
vanishing shear modulus) thermal energy would sufﬁce to destabilise
the protein–lipid interaction in protein–lipid domain association.
However, ceramides present such a high resistance to shear (shear
modulus ∼90 mN/m), that proteins embedded in ceramide-rich
platforms will be entrapped (frozen) within the domains and protein
capping could take place.
4.2. Blebbing and lipid scrambling
Ceramide levels on plasmamembrane are increasedwhen cells are
submitted to different stresses. The SM to ceramide conversion is
associated therefore with different physiological processes as signal-
ling and apoptosis. Apoptosis includes a large membrane reorganisa-
tion like receptor aggregation (Section 4.1), blebbing, lipid scrambling
and cholesterol release. The physiological role attributed to ceramides
in these processes has been revisited in the last years to propose a
membrane restructuring role for the newly formed ceramide from SM.
For this structural component of ceramides, topological considera-
tions must be kept in mind [84,85]. As mentioned above, lipids in the
plasmamembrane are asymmetrically distributed on both leaﬂets and
most of SM is located in the non-cytosolic monolayer. Only a 10% of
SM is found in the cytosolic side of themembrane. Thus, themain pool
of SM remains inaccessible for enzymatic conversion by intracellular
SMases and a topological problem emerges. A very interesting model,
proposed by Tepper et al. [84] suggested the activation of a lipid
scramblase to enrich inner leaﬂet SM content. Later SM degradation
on the cell interior would alter the SM-Chol domains (rafts) and
promote subsequent cholesterol release and later morphological
alterations within the plasma membrane.
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to the new biophysical results obtained in model systems that tightly
correlate the SM to ceramide conversion with lipid scrambling
[50,71,72]. An asymmetrically SM to ceramide conversion of only
5 mol% sufﬁces to produce an important increase in surface tension
within the monolayer where SM is degraded. The surface tension
mismatch generated by the differences in lipid packing induced by the
SM to ceramide conversion, triggers a mechanical stress which can lead
to membrane rupture in model systems [31,43–45,53]. In vivo, the
presence of the cytoskeleton, may contribute to release the asymmet-
rical surface tension generated by cellular SMases preventing mem-
brane rupture and allowing only the formation of transient defects
interconnecting both monolayers which facilitate mass equilibration
between them [74]. This SMase-mediated lipid scramblingwouldmake
the SM located in the outer monolayer accessible to intracellular
SMases. Subsequent SM conversion would lead to ﬁrst, cholesterol
release, either by a SM concentration decrease or by the cholesterol
displacement by ceramidedescribed above [32]; and second, to produce
membrane blebbing, vesiculation and apoptotic body efﬂux [42,44,57].
A major consequence of this interpretation is that the response to the
mechanical perturbation needs not be spatially restricted to where the
enzyme activity takes place. The local ceramide generation does not
entail a colocalisation of membrane defects. The mechanical perturba-
tion is simultaneously felt over all molecules integrating themembrane,
and a local perturbation can be propagated over large distances. Certain
degree of spatial location could however still be achieved by the
different sensitivity to stress provided by different lipid compositions:
the less rigid zones in themembrane, as liquid-disordered regions with
lower compressibility modulus or breakthrough force, would collapse
more easily.
5. Conclusions and perspectives
The conversion of SM to ceramide by the action of SMase triggers a
number of metabolic and cellular events [11,78,82]. Although the
mechanism behind each process is probably complex and unique, we
have emphasized in this review that twophysical aspects of ceramide's
formation in biological membranes, its aggregation in solid viscous
domains and the mechanical stress produced on the membrane as SM
is enzymatically converted into ceramide, are important to understand
ceramides physiological role in living cells. The signal ampliﬁcation
obtained through the aggregation of protein receptors associated to
ceramide domains [18,81–83] could be strongly facilitated by the
highly viscous character of these solid domains described in model
systems. Other biologically relevant membrane events as invagina-
tions or lipid scrambling triggered by SMase activity [86,87] can also be
partially explained merely considering the mismatched surface
tension induced on the asymmetric cell membranes exposed to
SMase enzymatic activity. More work should be done in simple model
systems of increasing complexity to mimic bilayer asymmetry or
aggregation of membrane receptors associated to ceramide domains
in vivo. Such research could allow discriminating between cell
responses mediated by speciﬁc ceramide interactions from those in
which the role played by ceramide is mediated through physical
membrane perturbations.
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